Colonial animals commonly exhibit morphologically polymorphic modular units that are phenotypically distinct and specialize in specific functional tasks. But how and why 18 these polymorphic modules have evolved is poorly understood. Across colonial invertebrates there is wide variation in the degree of polymorphism from none in colonial ascidians, to ex-20 treme polymorphism in siphonophores such as the Portuguese Man of War. Bryozoa are a phylum of exclusively colonial invertebrates that uniquely exhibit almost the entire range of 22 polymorphism from monomorphic species to others that rival siphonophores in their polymorphic complexity. Previous approaches to understanding the evolution of polymorphism have 24 been based upon analyses of (1) the functional role of polymorphs or (2) presumed evolutionary costs and benefits based upon evolutionary theory that postulates polymorphism should only 26 be evolutionarily sustainable in more "stable" environments because polymorphism commonly leads to the loss of feeding and sexual competence. Here we use bryozoans from opposite 28 shores of the Isthmus of Panama to revisit the environmental hypothesis by comparison of faunas from distinct oceanographic provinces that differ greatly in environmental variability and 30 we then examine the correlations between the extent of polymorphism in relation to patterns of ecological succession and variation in life histories. We find no support for the environmental 32 hypothesis. Distributions of the incidence of polymorphism in the oceanographically unstable Eastern Pacific are indistinguishable from those in the more stable Caribbean. In contrast, the 34 temporal position of species in a successional sequence is collinear with the degree of polymorphism because species with fewer types of polymorphs are competitively replaced by species 36 with higher numbers of polymorphs on the same substrata. Competitively dominant species also exhibit patterns of growth that increase their competitive ability. The association between 38 degrees of polymorphism and variations in life histories is fundamental to understanding of the macroevolution of polymorphism. 40 44
Introduction
Modules of colonial organisms originate asexually as clones and typically remain physically and physiologically connected (Beklemishev 1969; Jackson 1979a) . Colonies reproduce sexually although clonal reproduction of new colonies is common (Hughes and Cancino 1986; Jackson cells are budded from the distal end of a parental autozooid, placing the orifice of an ovicell within reach of the parental autozooid polypide's tentacle crown. Ovicells vary among species in their position relative to the surface of the colony. In some species they remain submerged 122 below the colony surface within the parental autozooid, but in others the ovicells stand in stark relief above the frontal surfaces of nearby autozooids. Unfertilized eggs or embryos (the site of 124 fertilization is unknown) are passed from the tentacles of the adjacent zooid to the ovicell where they are brooded until ready to disperse (Ostrovsky 2013) . Ovicells are uncommon and are usu-126 ally one or more orders of magnitude less frequent than autozooids within a colony (Simpson 2012) . mental hypothesis has the potential to be a valid for sessile colonial organisms even though it is not supported in social insects. To evaluate this we examined the occurrence of polymorphism in species occurring in the strikingly different oceanographic regimes on opposite sides of the 160 Isthmus of Panama.
Alternatively, the benefits of polymorphism may accrue through increased efficiency asso-162 ciated with the proliferation of specialized functions. To evaluate this, we observed how species with varying degrees of polymorphism sort themselves out along a successional sequence. though an indirect measure of the payoff of possessing polymorphs, this approach provides a direct measure of the presence of those benefits exceeding the costs. ber of different types of polymorphic zooids characteristic of the bryozoan species observed to be growing on these panels. Two sets of six replicate 15x15 cm square panels were set out in 220 shallow water off of Jamaica in 1977. Each plate was observed 7 times over 3 years to map the occurrence, position, and percent cover of each of the ten species that varyingly settled and 222 grew on the panels. We transformed the percentage cover data to calculate proportional cover over the course of the experiment for each species. We calculated the average the number of 224 types of polymorphs across species by weighting each species by its relative proportional cover.
Data 226
We estimated the total diversity of polymorphs among 79 species of ascophoran cheilostome bryozoans in Smithsonian collections obtained from shallow-water coastal environments on 228 either side of the Isthmus of Panama (Jackson and Herrera-Cubilla 2000) ( Table 1 ). All species are encrusting and are found on many substrates, from shells and pebbles, to coral rubble and 230 reef-framework. Not all colonies express or preserve all of the polymorphs they are capable of producing, so whenever possible we tallied the mean and maximum number of polymorphic 232 types observed from 1-28 colonies per species. We have counts for 40 species from 25 localities in the Eastern Pacific and 39 species from 10 localities in the Caribbean.
We recognized eight basic types of polymorphs that differ qualitatively in body plan and in the direction of budding from parent zooids (Fig. 1 ). These include: ovicells, kenozooids, spines, vicarious avicularia that occur inline with autozooids, and adventitious avicularia (which are frontally budded and can vary in shape and position). At least four different types of ad-238 ventitious avicularia can be identified by their position on the zooidal or colony surface. Oral adventitious avicularia occur adjacent to the autozooid's orifice. A second type of adventitious 240 avicularium occurs on the zooidal frontal wall. A third type occurs on the ovicell in some species. The fourth type includes large adventitious avicularia that overgrow multiple zooids.
242
The total number of possible types of polymorphs exceeds the number actually observed in any species. Moreover, the eight polymorph types that we recognize here are a subset of 244 the total number of possible polymorphs that occur in cheilostome bryozoans as a whole (Silén 1977) . We lumped other named polymorph types together into one of the eight categories.
246
However, we distinguished between polymorphs beyond our eight named types if they differed in shape from other polymorphs in the same positional category. For example, we considered 248 vibriculae to be a bristly type of avicularium. Thus, if a species expressed both bristly and flap-like avicularia, we would count these as two different types of polymorphs.
250

Results
The frequency distributions of numbers of types of polymorphs per species are statistically 252 indistinguishable between the Eastern Pacific and the Caribbean (Fig. 2 ). An average bryozoan species in both the Eastern Pacific and the Caribbean has an ovicell, spines or a kenozooid, 254 and one type of avicularium, or perhaps an ovicell and two types of avicularia. Eleven genera occur on both sides of the isthmus, yet the distributions of their polymorphs are not statistically 256 distinct between the oceans based on a comparison of the maximum incidence of polymorphic zooid types (Wilcoxon W = 49, P = 0.45). The mean of the maximum observed number of 258 polymorphs observed in each species is 2.79 in the eastern Pacific and 2.38 in the Caribbean (Wilcoxon W = 1039.5, P = 0.12). The median number of polymorphs for species is 2 in the 260 Pacific and 3 in the Caribbean. If we incorporate the variation in expressed polymorphism from colony to colony within species by calculating the mean observed, we still find no difference 262 between distributions (average for Eastern Pacific species = 2.2; average for Caribbean species = 2.03; Wilcoxon W = 961, P = 0.48). Our results are consistent with the pattern Hughes 264 and Jackson (1990) found at much smaller spatial scales. The incidence of polymorphism in ascophoran bryozoans is not optimized ergonomically between the strikingly different coastal 266 environmental conditions on opposite sides of the Isthmus of Panama.
Nevertheless, there are important differences between the oceans in the extremes of the 268 distributions of polymorphism (Fig. 2) . For example, there are 17 Caribbean species with 4 or more types of polymorphs versus only five such species in the Eastern Pacific. We find strong 270 statistical support for an excess of highly polymorphic species in the Caribbean relative to the Eastern Pacific (χ 2 = 7.45, df = 1, P = 0.006). Moreover, these highly polymorphic species increasingly dominated the fouling panels as ecological succession occurred over three years of the experiment (Fig. 3, Fig. 4 ; Spearman's ρ = 0.64, P = 0.014).
274
Discussion and Conclusion
The stability of the physical environment plays no direct role in the evolution of bryozoan poly-276 morphism as postulated on the basis of environmental theory. In contrast, the incidence of polymorphism is strongly correlated with variations in ecological dominance and life-history 278 as observed from both the increase in polymorphism generally as well as the increased dominance of exceptionally polymorphic species during ecological succession on the panels. This
280
result is further borne out by an analysis of polymorphism of 20 ascophoran species ranked in terms of modes of budding that confer exceptional competitive ability and persistence in bio-282 logical interactions (Table 7 .2 in McKinney and Jackson 1991). The score is given by the sum of the presence or absence of multizooidal budding, self-overgrowth, and frontal budding. Only 284 species with all three budding characteristics associated with dominance in competitive interactions have exceptionally high degrees of polymorphism (Table 2 , Fig. 5 ). Conversely, species 286 that lack one or more of these budding characteristic also lack diverse polymorph types ( Fig. 5) . Opportunistic, early successional species tend to have lower levels of polymorphism than 288 late successional species regardless of the overall oceanographic stability of their habitat. Rather than providing the time to accrue the benefits of expensive polymorphs, as expected by evolu-290 tionary theory, the stability of the coral habitats provides the time for ecological succession of different species to play out through a dense set of competitive ecological interactions. By spe-292 cializing in particular life-history strategies, more bryozoan species, each with a different level of polymorphism, can coexist and interact.
294
Many rounds of succession can occur on the same substrate. Species with low levels of polymorphism are succeeded by species with higher levels so long as their substrate persists.
296
However, physical disturbance or predation resulting in the death of an extremely polymorphic colony, such as many species of Stylopoma (Herrera et al. 1996; McKinney and Jackson 1991) , 298 permits the establishment of pioneering species with generally fewer polymorphic types. And so just as the death of a canopy tree in a tropical forest sets off a scramble among early successional There are hints that the evolution of polymorphism is linked to the evolution of life history strategies because species with more types of polymorphs tend to have less frequent reproduc-312 tive specialists (Simpson 2012). Over macroevolutionary time there are two pathways to decrease that frequency that are contingent on the starting size of the most primitive colony. From 314 originally small colonies, there must be a higher rate of increase in the number of "worker" or "soma" members relative to reproductives as the colony grows in size. Alternatively, when 316 colonies are primitively large, colony members tend to loose reproductive competency even if the colony size remains largely the same.
318
In bryozoans, and perhaps other colonial and social animals, colonies with a single type of zooid will presumably have a life-history strategy that is tightly linked to the reproductive 320 capabilities of its constituent zooids. If true, this implies that primitive colonies along both pathways inherit their life-histories from their members. From this perspective, understanding 322 the macroevolution of polymorphism is critical to understanding the macroevolutionary proliferation of life history strategies. Figure 1: The zooids that constitute a bryozoan colony can be highly polymorphic. Whole colonies can be many tens to hundreds of square centimeters in area, but the thousands of zooids that make the colony are small, most commonly less than a millimeter in length. Zooids in encrusting species like this Stylopoma new species 3 (Jackson and Cheetham 1994) form a mosaic across their substratum. As the colonies grow, they radiate out from the oldest part of the colony, which is often near the center, as seen in the left image of a whole Stylopoma colony. Zooming into the colony shows zooid-level detail.
Each repeated structure in the central image consists of two animals, an autozooid with an oral adventitious avicularium. Stylopoma autozooids protrude their tentacle crowns through a hatched orifice that is about 100 µm wide. Scattered across this colony (right panel) are six polymorph types. This colony has a single type of vicarious avicularium that replaces an autozooid inline. There is a type of kenozooid, which fills space. This species has ovicells, which commonly occur in a band halfway between the edge and the center of the colony, and three types of adventitious avicularia: an oral, frontal, and a large type that overgrows many zooids. Figure 3: We used the results of a settling experiment that tracked the recruitment, growth, and mortality of encrusting bryozoans onto clean "fouling" panels (data from Table 2 in Winston and Jackson 1984) . Two sets of six 15 cm square panels were set out approximately 100 m apart in 12-13 m water depth along the fringing coral reef on the west side of the embayment at Rio Brueno, Jamaica. A census was conducted for each plate 7 times over 3 years. During each census, 10 species of ascophoran bryozoans where evaluated for the percentage of the plate that their colonies covered. This set of 10 species happens to be a subset of the ones we surveyed in Table 1 and we pulled the observed degree of polymorphism from our Table 1. Here we show the incidence of polymorphism for each species, the percentage of the fouling plate covered by each species, and the proportional cover to show the relative dominance of each species over time. The percent and proportional cover are shown as sparkline timeseries that span the three year experiment. Each time series is scaled to others in its site and row. Start and ending percentages are shown and if the time series is strongly peaked the maximum percentage is also shown.The percent cover is the average replicate samples and are highly variable.The standard deviations can be found Table 2 in Winston and Jackson (1984) . Figure 4 : A direct comparison of competitive ability and polymorphism. Here we transform the percentage cover observed by Winston and Jackson (1984) to a relative proportion cover for each species to track the relative dominance of each species over time. We used the information in Fig. 3 to calculate the average number of polymorph types across species by weighting each species by its relative proportional cover. The average degree of polymorphism increases over three years despite the co-occurrence of species that differ in polymorphism. For both replicates pooled, the correlation of average polymorphism and time (Spearman's ρ) is equal to 0.64 (P = 0.014). Time and polymorphism are also correlated in both replicate panels considered separately (west panel: Spearman's ρ= 0.89, P = 0.012; east panel: Spearman's ρ = 0.93, P = 0.008). The error bars summarize the variation among plates at each site and show one standard deviation on either side of the mean. We also offset the census days for east and west sites by 2 days to avoid overplotting of the points and error bars. Budding characteristics Number of Polymorph Types Figure 5 : A comparison of budding characteristics and polymorphism of abundant encrusting ascophoran bryozoans. Bryozoans come from substrates that range in stability from algal fronds to corals and reef framework. Species are scored for the presence of three budding characteristics: multizooidal budding, self-overgrowth, and frontal budding. A species with all three budding characteristics will have a score of 3. Higher scores are correlated with an increased competitive ability. Data on budding characteristics is from McKinney and Jackson (1991), Table 7 .2. and the species list, incidence of polymorphism and budding score used for this plot is shown in Table 2 .
